Plain Language Summary {#S0001}
======================

Patients with chronic obstructive pulmonary disease (COPD) often suffer from chronic bronchitis, which is characterized by an accumulation of mucus in their airways. This excessive mucus not only interferes in patients' daily life activities, but may also promote the development of disease complications and exacerbations. Aerobika^®^ is a hand-held device designed to aid in the mucus clearance by generating positive pressure pulses in the airways. This study involved 10 COPD patients and aimed to test whether the association of the Aerobika device to standard medication could improve patients' respiratory capacity.

Overall, the results of this study show that Aerobika can, indeed, increase lungs' ventilation, by expanding the volume available for the air passage. Moreover, these changes were accompanied by a shift in the way that the air is distributed throughout the different pulmonary regions, which in turn results in an increase in the patients\' standard medication delivery at the lung level.

Introduction {#S0002}
============

The presence of mucus along the airway epithelium is a key feature of a healthy and functioning respiratory system: indeed, this mucus is responsible for trapping microorganisms and other particles, which are later removed through the mucociliary escalator and cough. When in excess, however, mucus can assume a pathological nature and lead to a number of complications. Such is the case of chronic obstructive pulmonary disease (COPD): COPD patients typically suffer from excess mucus in their airways, a situation that is caused by an unbalance between an excessive production/secretion and a decreased clearance.[@CIT0001] This mucus accumulation leads to obstruction in the small airways and lower respiratory tract infections; moreover, the repeated cycles of inflammation damage the ciliated epithelium, further hampering the mucociliary escalator mechanism.[@CIT0001]--[@CIT0003] Overall, chronic mucus hypersecretion in COPD patients has been associated with a worsened lung function and a decreased health-related quality of life (HRQoL), as well as to a higher incidence of exacerbations and hospitalisations.[@CIT0001] Additionally, this condition is also considered to be a risk factor for respiratory-related and all-cause mortality.[@CIT0001],[@CIT0004]

Airway clearance techniques (ACTs) comprise a number of manual or device-assisted procedures that aim to remove the excess mucus from the airways, promoting a healthy and clear respiratory environment. Positive expiratory pressure (PEP)-based methods are one type of ACTs: patients are asked to breathe through a small, hand-held device, which exerts a gentle resistance during expiration.[@CIT0003] This mechanism is thought to prolong the expiratory phase (increasing expiratory capacity), to intensify the intraluminal pressure, and to improve regional alveolar ventilation (by promoting the airflow around and behind the accumulated mucus through the recruitment of collateral airways).[@CIT0003] Moreover, the addition of oscillations to PEP may improve the viscoelastic properties of mucus, further contributing towards airways clearance.[@CIT0005],[@CIT0006]

Aerobika^®^ (Trudell Medical International, London Canada) is an oscillatory PEP (oPEP) device with promising results among the COPD population. In fact, it has recently been reported that COPD patients have a significant improvement in sputum expectoration and clearance after 21 to 28 days of daily Aerobika utilization, coupled with some progress towards a better regional ventilation.[@CIT0007] Moreover, sputum-producer patients were shown to have improvements in a number of other parameters, namely forced vital capacity (FVC), 6-minute walk test, Saint George's Respiratory Questionnaire (SGRQ) and Patient Evaluation Questionnaire (PEQ).[@CIT0007] Additionally, patients were also shown to benefit from Aerobika in terms of HRQoL: 64% and 62% COPD patients with chronic bronchitis had a clinically-meaningful improvement in SGRQ and COPD Assessment Test (CAT) after using this device for three to four or eight weeks, respectively.[@CIT0008] Finally, the rate of moderate-to-severe and severe COPD exacerbations (at 30 days) was shown to be significantly lower in patients using Aerobika when compared to matched controls, as were the exacerbations-related mean per patient costs (data from a real-world study).[@CIT0009]

In spite of the accumulating evidence suggesting the benefits of Aerobika utilization among the COPD population, its physiological basis remains scarcely characterized.

Our aim was to tackle that issue by applying Functional Respiratory Imaging (FRI) to assess the effect of the Aerobika or oPEP device, in addition to standard of care medication, on the lung dynamics and aerosol deposition patterns of COPD patients.

Patients and Methods {#S0003}
====================

Study Design and Population {#S0003-S2001}
---------------------------

This was a single-arm pilot study designed to assess the impact of Aerobika or oPEP utilization in the lung dynamics and aerosol deposition patterns of sputum-producing COPD patients. Patients with a predicted FEV1 (forced expiratory volume in one second) lower than 80% (Global Initiative for Chronic Obstructive Pulmonary Disease \[GOLD\] classification 2--4[@CIT0010]) and who met the inclusion and exclusion criteria depicted in [[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=242191.docx)]{.ul} were invited to participate. The study protocol was approved by the IRB of the Antwerp University Hospital with approval number 16/40/408. The trial has been submitted to [[www.clinicaltrials.gov](http://www.clinicaltrials.gov)]{.ul} with identification number NCT02936817.

During the screening period, patients were informed on the study procedures and a sham device was used to evaluate subjects' cooperative attitude, as well as to instruct them on the correct use of the oPEP device. Patients who agreed to participate in the study and who signed the informed consent form were instructed to use the oPEP device at least twice daily before the administration of their treatment regimen. The device should be used for approximately 10 minutes, after which the patients should rest for about 15 minutes before taking their medication. The treatment period with the oPEP device lasted 15±3 days: before and after the experimental period, patients' smoking history/status were reviewed and vital signs were assessed.

Outcome Parameters {#S0003-S2002}
------------------

All patients underwent lung function testing and high-resolution computed tomography (HRCT) scans at baseline and after the experimental period. Concerning lung function testing, the following parameters were evaluated: FVC, FEV1, PEF (peak expiratory flow) and TLC (total lung capacity). The HRCT scans were used in the FRI analysis, which is a clinically-validated computational work-flow in which functional data are added to respiratory anatomical images.[@CIT0011] Shortly, FRI is based on low-dose HRCT scans, from which three-dimensional models of the airways and lungs are extracted. To do so, HRCT scans must be taken during breath-holding at two (spirometry-controlled) distinct lung levels: FRC and TLC. The combination of the models extracted at these two levels allows the assessment of the geometric changes experienced by airways and lung lobes during the breathing cycle. This data is then used as boundary conditions for Computational Fluid Dynamics (CFD) simulations, from which functional information, such as flow behavior and drug deposition, can be calculated. A detailed description of the FRI methodology can be found in De Backer et al.[@CIT0011] In this study, the following FRI parameters were evaluated: airway volume (iVaw) and specific airway volume (siVaw), airway resistance (iRaw) and specific airway resistance (siRaw), lobe volumes, air trapping, internal airflow distribution (IAD), low attenuation or emphysema score, blood vessel density or fibrosis score, airwall wall thickness, and mass of deposited particles per defined airway section.

The siVaw and siRaw are normalized measures, calculated by dividing or multiplying (respectively) the correspondent non-specific parameters by the total lung volume.

The mass of deposited particles requires boundary conditions related to the flow domain (HRCT scans), the inhalation profile measured during the study and the aerosol characteristics of the concomitant medications (Mass Median Aerodynamic Diameter, Geometric Standard Deviation, Fine Particle Fraction and Emitted Dose) derived from scientific literature.

Statistical Analysis {#S0003-S2003}
--------------------

Given the nature of the data (repeated measurements), each parameter was analyzed using a linear mixed-effect model.[@CIT0012] Data related to the airways (iVaw, siVaw, iRaw and siRaw) was logarithmically-transformed prior to analysis. A multi-level model, including fixed effects for visit and lobe, was used to incorporate the repeated measurements from the lobes for each subject. Moreover, lobe was also included as a random effect (within each subject). Heterogeneity across lobes (within each subject) was modelled using an unstructured variance-covariance matrix, with independence assumed between subjects. Degrees of freedom were computed using the Satterthwaite approximation. In the mixed-effect correlation plots, the marginal coefficient of determination (*r*^2^) is shown. In cases where mixed-effects models were not applicable, robust linear models were used.[@CIT0013] The robust Wald test was used to evaluate significance. In the robust correlation plots, goodness of fit is assessed using the consistency corrected robust coefficient of determination (*r*^2^). A priori, a p-value of less than 0.05 was considered to be statistically significant.

All statistical analyses are conducted using R version 3.2.5 or higher (The R Foundation for Statistical Computing, Vienna, Austria).

Results {#S0004}
=======

Ten patients (seven males and three females, with an average±SD age of 67.30±9.63 years) agreed to participate in the study ([Table 1](#T0001){ref-type="table"}); all of them were retained until the end of the experimental period. Their lung medication, maintained throughout the trial, is depicted in [[Supplementary Table 2](https://www.dovepress.com/get_supplementary_file.php?f=242191.docx)]{.ul}.Table 1Patients' Demographic and Clinical CharacteristicsSubject nºSexAge (y)Height (cm)Weight (kg)FVC (L)FEV1 (L)FEV1 (% Pred)FEV1/FVC**1**F57160582.740.8938.780.322M78172714.451.6662.780.373M73170763.861.5356.600.404M7116874.84.532.2584.11^†^0.505M51179805.562.7172.690.496M74165891.730.7530.500.437F63161972.881.3561.800.478M8116556.92.050.9843.440.489M6117582.94.422.2769.500.5110F64158482.500.6431.360.26Average--67.3167.3073.363.471.5055.160.42SD--9.636.8015.291.260.7218.370.08[^1]

[Table 2](#T0002){ref-type="table"} and [[Supplementary Table 3](https://www.dovepress.com/get_supplementary_file.php?f=242191.docx)]{.ul} depict the FRI and clinical parameters (mean±SD) assessed before and after the addition of oPEP therapy to patients' standard medication. Whereas in most cases there were no significant alterations, a significant increase of 2.88% was noticed for siVaw after treatment (1.44 (SE: 0.18) vs 1.48 (SE: 0.19); 95% CI = \[0.03%,5.81%\];p=0.048).Table 2Clinical and FRI Parameters (Mean±SD) Before and After (15±3 Days) Aerobika^®^ TreatmentParameterBeforeAfterp (Linear Mix Effect Model)siVaw (mL/L) at TLC1.62±0.851.65±0.850.048siVaw (mL/L) at FRC0.93±0.530.93±0.510.983siRaw (kPa·s) at TLC0.18±0.150.16±0.110.142siRaw (kPa·s) at FRC0.15±0.160.17±0.200.084iVlobe (L) at TLC1.23±0.511.24±0.520.106iVlobe (L) at FRC0.81±0.310.81±0.340.956AT (%) at FRC50.15±24.5750.00±25.550.873IVbv (%) at TLC2.11±0.842.09±0.780.582LAS (%) at TLC14.38±14.6213.69±14.400.197[^2]

The above-mentioned changes translated into modifications of the internal airflow distribution (IAD): in fact, there was a change in IAD ranging from −6.74% to 4.51%, for all lobes. The magnitude of IAD changes post-oPEP was heterogeneous per subject and unevenly distributed for the upper and lower lobes, respectively ([Figure 1](#F0001){ref-type="fig"}). Moreover, [Table 3](#T0003){ref-type="table"} shows correlations between post-oPEP changes in lung function parameters and change in IAD. Post-oPEP changes in FEV1 (*r*^2^=0.50; p=0.032) and PEF (*r*^2^=0.29; p=0.007) were positively correlated with change in IAD at the lower lobes meaning that an increase in ventilation towards the lower lobes resulted in an increase in those lung function parameters. However, the post-oPEP changes for FEV1 (*r*^2^=0.50; p=0.032) and PEF (*r*^2^=0.29; p=0.007) were inversely correlated with change in IAD at the upper lobes. Interestingly, the change in IAD was significantly correlated with changes in lobar drug deposition (*r*^2^=0.30, p\<0.001) -- [Figure 2](#F0002){ref-type="fig"}.Table 3Correlations (Robust Linear Model) Between Clinical Data and IAD Change After Aerobika^®^ Treatment*r***^2^p**∆IAD (%) in UL∆FEV1 (L)−0.500.032∆PEF (L/s)−0.290.007∆IAD (%) in LL∆FEV1 (L)0.500.032∆PEF (L/s)0.290.007[^3] Figure 1Individual changes in IAD between baseline and post-oPEP for upper and lower lobes.**Note:** The upper lobe value per subject is the sum of the IAD value of the right upper lobe, right middle lobe and left upper lobe. The lower lobe value per subject is the sum of the IAD value of the right lower lobe and left lower lobe. The mean±SD for upper and lower lobes respectively are indicated in the X-axis.**Abbreviation:** IAD, internal airflow distribution.Figure 2Correlation between lobar drug deposition changes and IAD changes after oPEP treatment.**Note:** marginal *r*^2^ (linear mixed-effect model) = 0.30, p\<0.001.**Abbreviation:** IAD, internal airflow distribution.

Given the heterogeneity of these results, it is worth to look at IAD at an individual level. [Figure 3](#F0003){ref-type="fig"} illustrates the internal airflow shift post-oPEP for two patients, subject 5 and subject 9. Subject 9 presents an increase of 6.88% in the IAD towards the lower lobes. As a result, this patient experienced a 14.72% increase in his average aerosol deposition in the right lower lobe, accompanied by a 20.45% increase in the left lower one. From a clinical perspective, these changes resulted in a FEV1 improvement of 0.17L. Subject 5, on the other hand, presented a similar tendency -- ie, a shift in the IAD towards the lower lobes -- although with a smaller value (2.78%). Overall, this patient experienced a slight improvement of FEV1 (0.07L), but no general improvement in lobar drug deposition, although one could see a relatively larger deposition in the lower lobes when compared to the upper ones.Figure 3Changes of IAD throughout the experimental period for Subject 9 (left) and Subject 5 (right).**Abbreviation:** IAD, internal airflow distribution.

Discussion {#S0005}
==========

In this study, ten sputum producing COPD patients (with moderate to severe airflow limitation severity) added two daily sessions with the oPEP device to their standard medication. Our main aim was to understand the impact of oPEP on lung dynamics and medication deposition. To do so, standard lung function assessments and FRI parameters were evaluated before and after the experimental period. Overall, the results indicate that even after a short period (approximately two weeks), oPEP utilization increases siVaw. These changes affect the IAD, which in turn is significantly correlated with particles deposition at lung lobes: in fact, an improvement of ventilation distribution is accompanied by an increase in the lobar drug deposition of the concomitant medication.

One may argue that the changes in siVaw are rather small (2.88%) and although this is true, it is worth noticing that a similar small change (1.50%) was obtained in a previous study assessing an established pharmaceutical compound (extrafine beclomethasone/formoterol \[BDP/F\]) in 27 COPD patients in a chronic setting.[@CIT0014] Inhaled corticosteroids (ICS) are thought to act through a remodeling of the airways after at least four to six weeks of use. In the study by De Backer et al, a significant reduction of the hyperinflation at the lobar level was noticed six months after the study onset.[@CIT0014] These changes are likely related with the ICS effect (rather than with the long-acting ß~2~-agonist one), suggesting that the improvement in siVaw, as small as it may appear, did in fact translate into a clinical benefit. As so, one may extrapolate that the similar siVaw response in our study does mean that the oPEP device has a clinically meaningful impact in airways' geometry. Further studies, with larger samples, should be able to clarify this issue by enhancing the magnitude of the observed differences.

Moreover, changes in siVaw have been previously correlated to symptomatology. In fact, in the study by Vos et al, 24 asthma patients treated with extrafine BDP/F for six months experienced a number of improvements in pre-bronchodilation imaging parameters, including the small airways volume.[@CIT0015] Interestingly, this increase in airways volume was directly and significantly correlated with changes in asthma symptom score (ACT), further supporting that airways geometry changes are of clinical significance.

Regarding the relationship between IAD distribution and FEV1 improvement on an individual level, the results in our pilot study support what has been previously observed by Svenningsen et al.[@CIT0007] These authors analysed the impact of the same oPEP device in COPD patients (sputum producers and non-producers), and although they were unable to demonstrate statistically significant changes concerning ventilation redistribution, their results show that patients responding on oPEP in terms of FEV1 do show a greater redistribution of ventilation towards the lower lobes.[@CIT0007] Moreover, a similar mode of action between changes in IAD and more effective deposition was also observed by De Backer et al in patients with COPD who are prone to dynamic hyperinflation when administered a PDE4 inhibitor on top of triple therapy (LABA/LAMA/ICS). According to the authors, the rationale behind the clinical improvement in FEV1 in their clinical trial is probably the result of a more effective deposition of the triple therapy caused by changes in IAD which are related to an improvement in the smaller airways trough the anti-inflammatory characteristics of the orally administered PDE4.[@CIT0016],[@CIT0017]

Despite the promising insights mentioned above, the current study had some limitations. Firstly, although we observe positive results for oPEP regarding drug deposition, it is a small sample size and larger studies with a control group are needed to confirm our results. Secondly, the majority of the patients enrolled were male (70%). It is documented in literature that women have lower luminal area, internal diameter and airway thickness of segmental and subsegmental bronchi in comparison with men.[@CIT0018] This gender related difference in airway morphology could impact local drug deposition patterns,[@CIT0019] so these results should be interpreted with some caution for female subjects. Thirdly, our results were rather heterogeneous. This might be related with the fact that the ventilation patterns of sputum-producing patients are heterogeneously distributed by nature, as noted before.[@CIT0007],[@CIT0020] In addition to the inherent heterogeneity by the disease, the study design might have had some impact at this level as well: in fact, treatment period was relatively short (15 days *vs* three to four weeks in the reference trial).[@CIT0007] Furthermore, patients were asked to use the device at their final visit, and Hortal and Hjelte have shown that the time elapsed from chest physiotherapy (another form of ACT) and lung function testing in cystic fibrosis patients impacts the spirometry results.[@CIT0021] More specifically, FEV1 changes were significant when the assessment was made between 30 minutes and two hours after physiotherapy, but lacked significance when assessed before or after that interval. The absence of significant results when the tests were made immediately after the ACT are likely due to the subsequent mucus shift from the peripheral airways to the central airways, which has a negative influence on FEV1. As such, the fact that the patients in this study were assessed shortly after using the Aerobika device cannot be disregarded as a source of heterogeneity. Indeed, Ides et al analyzed the effect of intrapulmonary percussive ventilation (IPV) in COPD patients, having reported a shift of mucus coupled with a lack of significant changes in spirometry tests (which took place within 60 min of the IPV session).[@CIT0022] As such, the inclusion of an adequate time interval between the device utilization and parameters' assessment should be taken into account in future studies.

Conclusions {#S0006}
===========

Overall, our results provide evidence that a short treatment period with oPEP, in particularly the Aerobika device, on top of concomitant medication is able to improve airway geometry and redistribute the airflow, consequently influencing drugs' deposition patterns in COPD patients.
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[^1]: **Abbreviations:** FVC, forced vital capacity; FEV1, forced expiratory volume in one second. †patient was considered eligible by principal investigator based on FEV1 within error of measurement and adapted clinical profile (medical history GOLD IIB).

[^2]: **Abbreviations:** SD, standard deviation; TLC, total lung capacity; FRC, functional residual capacity; siVaw, specific airways volume; siRaw, specific airways resistance; iVlobe, lobal volume; AT, air trapping; IVbv, blood vessel volume; LAS, low attenuation score; IAD, internal airflow distribution.

[^3]: **Abbreviations:** IAD, internal airflow distribution; FRC, functional residual capacity; TLC, total lung capacity; UL, upper lobes; LL, lower lobes; FEV1, forced expiratory volume in one second; PEF, peak expiratory flow.
